We report here the identification of RTT110/ELG1 as thus often runs as a single band or tight doublet on CHEF gels ( Figure 1C , upper panel, lane C). However, in a novel factor required to maintain genome stability that is intimately linked to DNA replication. The Elg1 protein the lanes derived from 5-FOA r can r isolates, an additional higher-mobility species is evident. We confirmed that displays significant homology to large RFC subunits from archaea and eukaryotes and forms an alternative this species corresponds to Chr V by Southern analysis ( Figure 1C , lower panel), indicating that 10 out of 10 RFC complex in both yeast and humans. Loss of ELG1 results in a significant defect in S phase progression, rearrangements in the elg1⌬ strain occurred via the loss of a chromosome arm, presumably accompanied by and the biochemical and genetic interactions between Elg1 and the components of Okazaki fragment maturaectopic telomere addition. tion suggest that Elg1 is maintaining genome stability through its involvement in lagging-strand DNA syntheElg1 Is Homologous to RFC and RFC-like Proteins sis. Therefore, by virtue of its role in preventing genome Database searches revealed significant similarity beinstability, ELG1 may be a novel candidate caretaker tween Elg1 and a family of Rfc1-like proteins (Figures gene in human cancer.
2A and 2B). Elg1 is conserved throughout eukaryotic evolution with homologs in fission yeast (SPBC947.11c), Drosophila melanogaster (GM14375p), Arabidopsis thalResults iana (At1g77620.1), and human (CAC44537.2). Based on these relationships and the results presented below, we Because of the difficulty in implementing forward gepropose to name these uncharacterized open reading netic screens for mutants with elevated GCR rates, we frames "Elg1" in their respective species. Sequence took a candidate approach to identify novel genes that alignment of Elg1 with RFC components revealed that suppress GCRs. To calculate GCR rates, we opted to Elg1 has a domain structure similar to the AAAϩ ATPases employ the CAN1-URA3 mutator assay developed by of the RFC family (Figure 2A Figure 2D ). bility such as EST2, RAD50, SGS1, MRE11, RAD57, and The known alternate large subunits Rad24 and Ctf18 TEL1 [2, 18]. We thus generated GCR reporter strains showed an identical pattern of interactions as Elg1 (data for deletions in nine poorly characterized RTT genes not shown). In analogous experiments, we were not able and calculated GCR rates for each strain. Gene deletions to detect a physical interaction between Elg1 and any in RTT101 (which encodes a cullin homolog) and RTT110 of the other known large RFC subunits ( Figure 2E ). Thus, (since renamed ELG1 for Enhanced Levels of Genome Elg1 may form an RFC-like complex that is distinct from instability) elevated GCR rates 25-and 65-fold, respecboth the canonical and known alternative RFC comtively, whereas deletions of other RTT genes caused a plexes. We term this novel complex RFC(Elg1). less than 5-fold increase in GCR rate ( Figure 1B) a role during DNA replication. To test this possibility, release, despite a synchronous entry into S phase. This defect represents a 28% increase in the length of S we monitored S phase progression in an elg1⌬ strain. Wild-type and elg1⌬ cultures were arrested in G1 phase phase (the time of S phase entry was chosen as the time at which 20% of the cells have exited the G1 peak). with mating pheromone and were released into fresh media to allow synchronous progression into S phase.
Furthermore, we also observe that approximately 10% of the elg1⌬ cell population requires an additional 15 Cells were collected every 5 min, and DNA content was measured by flow cytometry ( Figure 3A) . In addition, the min to fully complete DNA replication ( Figure 3B ). As a parallel means to test whether elg1⌬ cells have data were further analyzed with the ModFit LT software, which deduces the number of cells in the G1, S, and a DNA replication defect, we analyzed asynchronously dividing populations of elg1⌬ by flow cytometry and G2/M phases based on a peak-modeling algorithm (see www.vsh.com for information on the ModFit LT softcalculated the proportion of cells in each phase of the cell cycle by using the ModFit software. Figure 3C disware). In Figure 3B , wild-type cells complete S phase 55 min postrelease, whereas the bulk of the elg1⌬ cell plays the cell cycle profile of elg1⌬ strains and their parental wild-type strains derived from three separate population only reaches the G2/M peak 65 min after To narrow down the potential role of Elg1 during DNA tion of the elg1⌬ mutation in the rad27⌬ strain has no observable effect at 23ЊC, 30ЊC, or 34.5ЊC, but it causes replication, we tested for genetic interactions between the ELG1 deletion and alleles of genes encoding DNA partial suppression of rad27⌬ temperature sensitivity at 37ЊC ( Figure 4A ). In addition, we detected a similar replication proteins and regulators. These interactions are summarized in Table S1 (see the Supplemental Data interaction between elg1⌬ and the dna2-4 allele at 30ЊC ( Figure 4B ). This suppression is allele specific, as elg1⌬ available with this article online). Notably, deletion of ELG1 is synthetic lethal, with the dna2-1 allele of the gene is synthetic lethal with the dna2-1 allele (Table S1 ). The dna2-4 allele differs from the dna2-1 allele by its resisencoding the helicase/endonuclease Dna2. The ELG1 deletion leads to a strong decrease (Ͼ5ЊC) in the maxitance to the alkylating agent MMS and its ability to support a deletion in the CTF4 gene [27]. mal permissive temperatures of the cdc2-2 allele of DNA polymerase ␦ and the cdc9-2 allele of DNA ligase I and This specific and striking pattern of genetic interactions between RAD27 and ELG1 as well as between also results in an increase of the minimal permissive temperature of the cdc44-1 allele of the RFC1 gene DNA2 and ELG1 supports a model whereby RFC(Elg1) is acting in the latter stages of Okazaki fragment matura- (Table S1 ). We failed to detect any interaction between elg1⌬ and dpb11-1, pri1-M4 and pri2-1, and cdc17-2 tion, and, therefore, RFC(Elg1) may be physically localized at these sites. We examined this possibility by testand pol1-17, alleles of the genes encoding subunits of DNA polymerase ⑀, primase, and DNA polymerase ␣, ing the physical interaction between Elg1 and Rad27, a key component involved in Okazaki fragment maturarespectively (Table S1 ).
The specific interaction between ELG1 and the genes tion. As shown in Figure 4C , we detected that Elg1 physically interacts with Rad27, as tested by immunoprecipiencoding components of Okazaki fragment maturation suggests that the Elg1 product may play a dedicated tation experiments. Collectively, these data strongly suggest that RFC(Elg1) plays a role during Okazaki fragrole in this process. To further test this possibility, we constructed a rad27⌬ elg1⌬ double mutant ( Figure 4A) . the double mutant spores germinated to form very small change (SCE). Increased SCE rates reflect an increase of replication fork collapse (which requires the undamaged colonies ( Figure 5A ). This phenotype suggested that cells without ELG1 require recombinational repair for sister chromatid to restart DNA replication) or an increase in daughter-strand gaps, which reflects a defect optimal growth ( Figure 5A ). This genetic interaction with recombinational repair was also observed in an elg1⌬ in lagging-strand DNA synthesis. To measure SCEs, we monitored unequal sister chromatid exchange at the rad51⌬ double mutant ( Figure 5A ). The double mutant spores that were able to form colonies had a severe TRP1 locus ( Figure 5B and [33] ). As a positive control, we used a deletion in the SGS1 gene, a mutation known growth defect and poor plating efficiency. Analogous effects have been documented in prokaryotes (reviewed to elevate SCE in budding yeast [34] . As shown in Figure  5C , deletion of ELG1 elevated unequal SCE 4. Figure 6B, left column) . In addition, deletion of deleted ELG1 in a mec1-4 strain carrying a wild-type copy of MEC1 on a URA3-based plasmid, which can ELG1 in the ctf18⌬ mutant background did not markedly decrease Rad53 activation, despite resultant MMS and be selected against by plating on the anti-metabolite 5-FOA. Loss of pMEC1 in the control mec1-4 ELG1 strain HU hypersensitivities (Figures 6A). However, checkpoint-induced activation of Rad53 is essentially abolis well tolerated at 23ЊC, but not at 34.5ЊC, confirming the temperature sensitivity of the mec1-4 strain. In contrast, ished in the triple ctf18⌬ elg1⌬ rad24⌬ mutant ( Figure  6B ). The three alternative large RFC complexes thereloss of wild-type MEC1 was lethal in isolates of the mec1-4 elg1⌬ double mutant at all temperature tested fore play parallel or redundant roles in mediating the activation of the S phase checkpoint pathway in re-( Figure 5D ). Taken together, these genetic results indicate that the loss of ELG1 leads to DNA replication sponse to replication stress. The ctf18⌬ elg1⌬ strain is noteworthy in its hypersendefects that result in elevated levels of DSBs. sitivity to MMS, and yet it is essentially wild-type with regards to Rad53 phosphorylation ( Figures 6A and 6B ).
Alternative RFC Complexes Are Required to Cope
This discrepancy between MMS sensitivity and Rad53 with DNA Replication Stress phosphorylation is reminiscent of situations where repliMutations in the genes encoding the alternative large cation forks collapse in an irreversible manner, leading RFC subunits RAD24 and CTF18 both lead to detectable to chronic checkpoint kinase activation, impairment of DNA damage sensitivity [37] [38] [39] . However, there is sub-S phase progression, and inviability [35] . To examine the stantial genetic redundancy between the two characterpossibility that Elg1 and Ctf18 jointly prevent irreversible ized, alternative large RFCs CHL12/CTF18 and RAD24, fork collapse in response to replication stress, we examsuch that double mutants exhibit markedly increased ined S phase progression in cells challenged with MMS sensitivity to DNA damaging agents [39] . We tested if ( Figure 6C ). Wild-type, ctf18⌬, elg1⌬, or ctf18⌬ elg1⌬ elg1⌬ strains display a similar phenotype by examining strains were synchronized in G1 phase by pheromone their sensitivity to hydroxyurea (HU) and methylmethane treatment and were released into fresh media in the sulfonate (MMS), both of which cause replication fork absence or presence of 0.025% MMS. At regular time stalling [7, 35] . Deletion of ELG1 yields strains that have points, cells were assessed for S phase progression by normal resistance to MMS and HU ( Figure 6A ). We ob-FACS, and at 2 hr postrelease, cells were plated in the served strong synthetic sensitivity to either HU or MMS absence of MMS to assess their ability to form colonies. when the elg1⌬ mutation was combined to either the The ctf18⌬ elg1⌬ double mutant was irreversibly sensictf18⌬ or rad24⌬ mutations (Figure 6A ), whereas the tive to MMS treatment (data not shown). The exquisite triple deletion strain ctf18⌬ elg1⌬ rad24⌬ was exquisensitivity of the ctf18⌬ elg1⌬ strain correlated well with sitely sensitive to replication stress. Collectively, the the inability of this strain to progress through S phase alternative RFC complexes are evidently required to tolin response to MMS, as evidenced by the inability to erate replication stress. reach 2C DNA content, even by the 150 min time point The lethality associated with HU and MMS is inti-( Figure 6C ). The FACS analysis also indicates that elg1⌬ mately linked to the effect of these agents on replication or ctf18⌬ strains display robust intra-S checkpoints and fork progression [7, 40] . Accordingly, the pattern of DNA are able to complete S phase in the presence of MMS damage sensitivity observed in these strains suggests ( Figure 6C) . Collectively, the alternative RFC complexes either a defect in preventing replication fork collapse in are required for the efficient passage of replication forks response to replication stress or a defect in activating through DNA damage. the S phase checkpoint pathway. To assess the latter possibility, we assayed S phase checkpoint activation by examining the activation of the checkpoint kinase (elg1⌬, ctf18⌬, or rad24⌬) did not lead to a significant decrease in Rad53 activation in response anti-Elg1 immune complexes were isolated and probed capacity to be specialized in this function. We propose that the primary function of Elg1 resides
The suppression of the rad27⌬ and dna2-4 temperain DNA replication and, more precisely, during Okazaki ture sensitivities by the ELG1 deletion is particularly fragment maturation as elg1 cells display S phase striking. The temperature sensitivity of rad27 strains is lengthening and strong genetic interactions with the associated with its functions during lagging-strand DNA genes encoding components of the lagging-strand DNA synthesis [46] , and suppression of rad27⌬ temperature synthesis apparatus (Table S1 ). Consistent with a role sensitivity has been previously observed with the overin lagging-strand DNA synthesis, elg1 mutants display expression of DNA2 [47] or the N-terminal domain of telomere lengthening (see Figure S3 in the Supplemental Escherichia coli DNA polymerase I, two proteins with Data), a feature associated with a number of laggingproposed nuclease activity [46, 48] . Thus, Elg1 may act, strand synthesis mutants [41] . Furthermore, elg1 cells via PCNA remodeling, as a negative regulator of Dna2 display telomere additions as their predominant chroor other alternative pathways of primer removal. In parmosome rearrangements, an observation also consisticular, we speculate that RFC(Elg1) could act to regulate tent with a role in Okazaki fragment maturation [42] . the strand displacement activity carried out by DNA polyFinally, we provide evidence that the proposed RFC(Elg1) merase ␦ (Pol ␦ ) [44] . A possible and simple way to complex acts on PCNA, and the genetic and physical achieve that goal would be to uncouple the sliding clamp interaction with Rad27 suggests that RFC(Elg1) primarily from Pol ␦. of ATR is incompatible with cell viability in mammalian cells [49] . As a consequence, from the perspective of DNA synthesis components, including RAD27, POL30, and RFA1. Interestingly, like ELG1, mutation of these tumor progression, the loss of caretaker genes results in substantial loss of genome stability yet has little or genes causes increased GCR rates. These correlations indicate that replication-associated DSBs are a primary no effect on cellular viability. Accordingly, ELG1 is an dysfunction increases mutation rate and genomic instability. 
